Die-cast Mg-Al-Ca-RE (RE = rare earth) alloy was upset forged by compression at 573 K with the true strain rate of 0.1 s À1 for grain refinement, and the tension/compression anisotropy at room temperature was examined. Before the hot forging, the die-cast alloy had random texture and yield stresses in tension and compression were similar. However, the forged and fine-grained specimens had (0001) texture inclined by 0-20 to the forging plane, which caused tension/compression yield stress ratio of 1.4 when the specimens were deformed perpendicular to hot forging direction. Grain coarsening by annealing of the forged specimen enhanced the ratio to 1.9 because more c-axis expansion twins formed at the early stage of the compression. Thus, grain refinement is necessary for reducing tension/compression anisotropy in hot-forged Mg alloy parts.
Introduction
Mg alloys are promising light alloys for structural uses, automobile parts and electric appliance cases. 1) Hot forging is one of the forming techniques of Mg alloys that achieve strengthening by grain refinement through dynamic recrystallization (DRX). [2] [3] [4] [5] [6] The strength of forged Mg parts is generally examined by room-temperature tension tests; however, when it comes to practical application of forged Mg alloy parts, various stress modes, that is, not only tension but also compression and shear, evolve in the parts. Hotworked Mg alloys often suffer from strong texture formation and subsequent mechanical anisotropy. [7] [8] [9] [10] [11] [12] Hence, compressive properties as well as tensile properties must be considered for proper design and application of forged Mg alloy parts. In this study, the tension/compression anisotropy of hot upset-forged die-cast Mg-Al-Ca-RE (RE = rare earth) alloys is examined and compared to those of the unforged alloy. Furthermore, hot forged alloys are annealed for grain coarsening, and the effect of grain size on the tension/compression anisotropy in the forged Mg alloy is investigated.
Experimental
Die-cast Mg-6Al-2Ca-2RE (composition in mass%, provided by Mitsui Mining & Smelting Co. Ltd.) was selected as raw materials. Detailed chemical compositions of the alloys can be found elsewhere.
13) The alloy was pre-annealed for homogenization at 683 K for 108 hours. The cylindrical specimens (10 mm in diameter and 12 mm in height) for hot forging were mechanically cut. Hot forging was carried out by compression at 573 K to true compressive strain of 1.6 with the true strain rate of 0.1 s À1 . A computer-controlled servohydraulic testing machine was used to carry out the constant true strain rate compression. Specimens were waterquenched immediately after the hot compression. To examine the effect of grain size on mechanical anisotropy, some forged alloys were heated at 698 K for 200 h for grain coarsening. Equiaxed microstructures with insoluble second phases were observed in all samples (Fig. 1) . The average grain sizes for unforged, forged and forged-and-annealed samples were 23 mm, 6 mm and 21 mm, respectively. Figure 2 gives the basal (0001) pole figures for the three samples, which are reconstructed from electron backscatter diffraction (EBSD) mapping. The unforged sample had random texture ( Fig. 2(a) ), while the forged and forged-andannealed samples had (0001) texture tilted by 0-20 to the forging (or compression) plane (Figs. 2(b) and (c) ). The tilted poles of (0001) texture are similar to those reported in previous study on hot compressed Mg alloys. 6) It seems that the annealing had a small effect on the texture formed by hot forging. 9, 14) Tensile test pieces with 6 mm in gauge length and 2 Â 2 mm 2 in gauge width, and compressive test pieces with 2.4 mm in height and 2 Â 2 mm 2 were cut from the samples. Tension and compression tests were carried out at room temperature with initial strain rate of 2:8 Â 10 À3 s À1 . The tensile and compressive directions were perpendicular to hot forging direction. For comparison, similar tension and compression tests were conducted on commercial Mg-3Al-1Zn (AZ31, composition in mass%) rolled sheet with the grain size of approximately 25 mm. X-ray diffraction analysis on the AZ31 rolled sheet revealed that (0001) basal texture was parallel to the sheet plane, which is similar to previous results (Fig. 3) . 15) Tensile and compressive directions were parallel to rolling direction.
Results and Discussion
The true tensile stress-strain curves, calculated under the assumption of uniform deformation, for unforged, forged and forged-and-annealed Mg-Al-Ca-RE alloys are shown in Fig. 4 . Unforged samples showed similar yield stresses in tension and compression (Fig. 4(a) ), while other two samples showed higher yield stresses in tension than those in compression. In the forged samples, both tensile and compressive yield stresses were higher than those in the unforged sample. This is due to strengthening by grain refinement achieved during the hot forging. 16) However, the compressive yield stress in the forged-and-annealed sample was lower than that in the unforged sample, while the tensile yield stress in the forged-and-annealed sample was higher than that in the unforged sample. The grain sizes of the unforged sample and forged-and-annealed sample were similar; hence, the texture ( Fig. 2(c) ) clearly caused the large tension/compression anisotropy in the forged-and-annealed sample. Table 1 summarizes the results of the present tension and compression tests, including AZ31 rolled sheets. Seeing the ratios of tensile 0.2% proof stress to compressive 0.2% proof stress, one can find that the anisotropy in the yield stress is enhanced by the hot forging. The texture formed during the hot forging is responsible for the anisotropy. The forged-andannealed Mg-Al-Ca-RE alloy exhibited higher tension/ compression yield stress ratio than the forged alloy, in spite of their similar (0001) texture. This suggests that the grain refinement is a good way to reduce the tension/compression anisotropy. The (0001) plane tilted to the forging plane by up to 20 in the forged-and-annealed Mg-Al-Ca-RE alloy (Fig. 2(c)) ; however, the mechanical anisotropy was similar to that in the rolled AZ31 alloy in which the (0001) plane was parallel to sheet plane. Thus, the basal texture tilt by up to 20 observed in the present forged-and-annealed Mg-Al-Ca-RE alloy had a small effect on the mechanical anisotropy. Figure 5 represents the microstructures of the unforged, forged and forged-and-annealed samples after 2% tensile or compressive straining at room temperature. Small amount of twins are found in the unforged samples after the 2% straining, irrespective of the deformation modes (compressive or tensile) (Fig. 5(a) ). Forged samples had very few twins after 2% compression or tension. However, the forgedand-annealed sample had many twins after 2% compression, while few twins are observed after 2% tension.
Chino et al. 9, 10) examined the relationship between the mechanical anisotropy and twinning behaviors in extruded AZ31 Mg alloy in detail and demonstrated that the tension/ compression anisotropy in wrought magnesium is considerably induced by twinning. There are many possible modes of twins for magnesium; 17, 18) but at the initial stage of deformation, the {10-12}h10-11i c-axis expansion twinning tends to be dominant because of its low critical resolved shear stress. 9, 17, 19) Figure 6 is the result of EBSD analysis on the 2%-compressed forged-and-annealed sample, showing the generated twins during the 2% compression. The number fraction of misorientation angle is very high at approximately 86
. The {10-12}h10-11i c-axis expansion twinning causes a misorientation of 86. 3 between twinned and untwinned lattice; 17) therefore, twins seen in Fig. 5 (c) and Fig. 6 (a) are surely {10-12}h10-11i c-axis expansion twins. Taking the basal texture in the forged-and-annealed sample, the compression axis employed in the room-temperature compression tests was close to a-axis compression direction (c-axis expansion direction); therefore, the {10-12}h10-11i twin occurred in the compression test, resulting lower yield stress in the forged-and-annealed sample.
The forged sample had similar texture to that in the forgedand-annealed sample, but the tension/compression anisotropy was smaller than that in the forged-and-annealed sample (Table 1 ). This can be attributed to the small grain size in the forged sample. It is well known that {10-12}h10-11i twinning deformation is suppressed in fine-grained Mg alloys. 20) Alternative deformation mechanisms including grain boundary sliding (GBS) and activation of nonbasal slips, as well as twinning and basal slips, contribute to roomtemperature straining in fine-grained Mg alloys. [21] [22] [23] Few twins are observed in the 2%-strained forged sample ( Fig. 5(b) ); therefore, the alternative deformation mechanisms (GBS and nonbasal slip activation) may be responsible for the reduced anisotropy. In practical hot forging processes, the texture formation cannot be avoided; therefore, the grain refinement through DRX is one of the possible ways to reduce the tension/compression anisotropy of forged Mg alloy parts.
Conclusions
A die-cast Mg-Al-Ca-RE alloy was hot forged by upset forging at 573 K and the tension/compression anisotropy was evaluated. Tension/compression yield stress ratio increases by the hot forging because of the texture evolution, although the texture tilts by up to 20 to forging (compression) plane. {10-12}h10-11i twinning deformation is responsible for the lower compressive yield stress in the hot forged Mg alloy; and grain refinement due to DRX softens the mechanical anisotropy.
